Introduction
Vesicular transport is an essential part of intercellular communication that plays a decisive role in determining cell fate and differentiation (Gonzalez-Gaitan and Stenmark, 2003) . Clathrin-coated vesicles are responsible for mediating transport between compartments of the endocytic and secretory pathways in eukaryotes (Brodsky et al., 2001; Kirchhausen, 2000; Mousavi et al., 2004) . In metazoans, the influence of clathrin-mediated endocytosis on cell-cell communication is principally due to receptor and ligand internalization (Seto et al., 2002) , synaptic vesicle recycling (Gonzalez-Gaitan and Jackle, 1997; Slepnev and De Camilli, 2000) and through the formation of morphogen gradients (Gonzalez-Gaitan, 2003) .
The clathrin heavy chain (CHC) is a highly conserved polypeptide comprised of five functionally distinct domains: a globular N-terminal domain; the proximal leg; the knee domain; the distal leg; and a C-terminal domain (Schmid, 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.10.011 1997). The functional unit of CHC is the triskelion, that is formed by three CHC molecules bound at their C-terminal ends (Fig. 1C) , and by three clathrin light chains (CLC) associated to their proximal legs. The clathrin coat is formed through interactions between the proximal and distal legs of different triskelions (Fig. 1D) , while the N-terminal domain is responsible for binding clathrin-interacting proteins that contain a clathrin-box related sequence (Ybe et al., 1999) . The knee is the only domain of CHC that is not known to participate in any protein-protein interactions (Musacchio et al., 1999) .
The Chc 4 mutation of Drosophila melanogaster displays a wide range of phenotypes, including temperature sensitivity, sublethality, short lifespan, and sterility in hemizygous males, as well as manifesting a semi-dominant effect in heterozygous females (Bazinet et al., 1993) . We have performed a molecular and functional characterization of this allele, showing that it maps to the knee region, and that it causes a remarkable reduction in the endocytic capacity of the mutant cells. We use the Chc 4 allele to study the consequences of this endocytic defect on the development and morphology of the Drosophila retina. The development of the Drosophila eye has been studied extensively (Brennan and Moses, 2000; Freeman, 1997; Voas and Rebay, 2004) , and it is recognized as a good system to investigate how modifications in endocytosis affect cell-cell communication. The different cell types in the retina are recruited sequentially from an undifferentiated pool of cells by inductive signals, some of them known to involve endocytosis (Parks et al., 2000; Stewart, 2002) . Once differentiated, the distinct retinal cell types become established in stereo- Musacchio et al. (1999) . (E) Confocal image of a 1 min endocytosis assay on a control larva (cho 2 ; UAS-clcGFP/Act5C-GAL4 b typic numbers and positions, facilitating the detection of cell specific alterations in cell fate. The retina originates from a single layer epithelium where about 750 individual visual units or ommatidia are assembled during late-larval to mid-pupal development. In the early pupal retina each ommatidium is composed of 14 cells, eight photoreceptor neurons, covered apically by four cone cells (CCs) and two primary pigment cells (PPC) that will later secrete the lens ( Fig. 2A) . At this point the ommatidia are separated by a large group of unspecified lattice cells that undergo a process of programmed cell death (PCD) when pupal development is approximately 25-30% complete (Wolff and Ready, 1991) . This apoptosis reduces the number of interommatidial cells to that required for the differentiation of the 9 interommatidial pigment cells (IOPCs) that isolate each ommatidium ( Fig. 2A) .
The Chc 4 mutation interferes with this PCD, inducing an increase in the number of IOPCs, although afterwards, it causes the selective and widespread death of this cell type in the retina. These Chc 4 phenotypes genetically interact with
Notch alleles, and they can be mimicked by alterations in Notch alone. Together with a change in Notch receptor localization in the affected mutant IOPCs, these results indicate that alterations in Notch signaling due to defective clathrinmediated down-regulation of the receptor cause these phenotypes. The effects of similar alterations in Notch signaling are also observed in the wing of Chc 4 mutants.
Some evidence of the importance of the endocytosis and endosomal sorting of the receptor in the Notch signaling pathway has already been presented (Schweisguth, 2004; Wilkin and Baron, 2005; Le Borgne, 2006; Vaccari and Bilder, 2005) . Here we show that the most dramatic defect displayed by a hypomorphic mutation in clathrin during Drosophila retinal development is due to Notch deregulation, emphasizing the importance of endocytosis for this particular signaling pathway.
Results
2.1. Molecular characterization of the Chc 4 mutation in the clathrin heavy chain
To characterize the Chc 4 mutation, we sequenced the 5034 nucleotides of genomic DNA encoding the 1678 amino acids of Drosophila CHC. When the Chc 4 sequence was compared with the Chc sequence produced by the Berkeley Drosophila Genome Project (BDGP), 13 silent nucleotide changes were detected as well as three differences in nucleotides that produce amino acid changes: an alanine to threonine at amino acid 1082, a threonine to alanine at position 1251, and a proline to threonine at position 1659 (Fig. 1A) . To identify polymorphic changes and rule them out as the cause of the Chc 4 alelle, we also sequenced the Chc exons from a w 1 stock of D. melanogaster, and used the Chc sequence from Drosophila pseudoobscura for comparison (Baylor College of Medicine http:// www.hgsc.bcm.tmc.edu/projects/drosophila/). Only the threonine at position 1082 was specific to the clathrin mutant, and it affected an alanine conserved in nearly all species for which CHC sequences are currently available, including yeast, soybean and humans (Fig. 1B) . We introduced a Drosophila Chc cDNA with a threonine at position 1082 (UAS-Chc
A1082T
) into flies by P-element mediated transformation and from these flies, six transformant lines with insertions in different positions of the genome were selected. As a control, we also introduced a wild-type Chc cDNA (UAS-Chc wt ) into flies, and obtained four independent UASChc wt lines. Both these constructs differed only in the amino acid at position 1082. Given the temperature dependency of Chc 4 phenotypes, less than 1% of the males that eclose from control crosses at 28°C carry the mutation on their X chromosome (n = 213 males; Bazinet et al., 1993) , while this rate should be 50% for a neutral allele. Moreover, Chc 4 flies carrying one copy of the UAS-Chc A1082T cDNA under the control of the hs-GAL4 promoter were unable to rescue the lethality at 28°C, producing only 1% and 2.5% of hemizygous males in two independent lines (n = 1075 and 362 males; see Section 4). In sharp contrast, Chc 4 flies carrying one copy of the UAS-Chc wt cDNA under the same conditions did rescue the lethality, producing 20.5% and 21.5% of Chc 4 hemizygous males (n = 277 and 253 males).
Endocytosis is impaired in Garland cells from Chc

mutants
We examined the effect of the Chc 4 mutation on the uptake of an endocytic tracer, Texas red (TR)-avidin, by Garland cells isolated from mutant and control larvae (Kosaka and Ikeda, 1983) . The subcellular localization of clathrin in these cells was assessed with antibodies against clathrin or with a GFPtagged CLC construct (Chang et al., 2002, Fig. 1G and H, green staining) and no differences in clathrin localization were detected between mutant and control cells. Upon addition of TR-avidin, both control and Chc 4 Garland cells internalized the tracer, which co-localized with GFP-CLC for a short time ( Fig. 1E and F, yellow staining) before moving into the clathrin-free internal stores ( Fig. 1G and H, red staining). Mutant Garland cells internalize much less tracer than control cells, and this difference exaggerated with time (compare red staining in Fig. 1G and H). The quantification of the intensity of TRavidin after 10 min of continuous endocytosis indicated that the amount of TR-avidin endocytosed by mutant Garland cells was 49% less than in controls (Fig. 1I ).
2.3.
Programmed cell death is inhibited during pupal retinal development in Chc 4 mutants
We have examined the effects of the mutation in Drosophila retinal development at 25°C, and found no obvious defects prior to the pupal stage. The number of lattice cells that isolate each ommatidium is tightly regulated by PCD in the pupal retina (Wolff and Ready, 1991) , in which very few extra IOPCs are observed (Fig. 2B ). In our hands only one extra IOPC per twenty ommatidia was observed in control retinas (data not shown). By contrast, in the Chc 4 pupal retina we found that PCD failed to completely eliminate all the surplus interommatidial cells (Fig. 2C arrows) , a defect that appeared to be specific to interommatidial PCD since photoreceptors (see Fig. 3E -J), CCs and PPCs were correctly specified (Fig. 2C ).
The presence of excess IOPCs is sometimes accompanied by misplacement of mechanosensorial bristles, the proper spacing of which depends on the correct number of IOPCs (Fig. 2C arrowhead). On average, at 25°C, an extra IOPC was present in half of the ommatidia in the mutant (Fig. 2C ). This partial inhibition of PCD in the Chc 4 retina is consistent with the mild alterations to the external morphology of the ommatidial arrangement in the adult Chc 4 eye ( Fig 2E) .
Selective death of interommatidial pigment cells in Chc 4 mutant retinas
The adult Drosophila retina is highly organized and its precise repetitive hexagonal array is evident in optical sections ( Fig. 3B and C) . However, in the retina of young adult Chc 4 mutants this structure is highly disorganized ( Fig. 3E and F). While ommatidia are still recognizable through their photoreceptor neurons, and the rhabdomeres maintain their characteristic shape and orientation, numerous gaps can be seen between the ommatidia. These gaps appear at positions previously occupied by the IOPCs, where there is evidence of cell death such as fragmentation and pyknotic staining. Electron microscopy of a 1-day-old mutant retina shows fragments of IOPCs that have lost contact with the neurons (Fig. 3G, arrows) . Surprisingly, the death of IOPCs does not cause the death of the neurons, which survive in the absence of light. After two weeks in the dark, the mutant retina is completely devoid of IOPCs but the photoreceptor neurons are still present in the ommatidia ( Fig. 3H and I ). Electron microscopy shows that some membrane remnants of the IOPCs still occasionally surround ommatidia, at times maintaining them attached to one another ( Fig. 3J , arrow). While the neurons are smaller, diminishing the space occupied by the ommatidium, they still have well-formed rhabdomeres. Furthermore, the photoreceptors can still display a robust electrical response to light in electroretinograms (data not shown).
We expressed the wild-type UAS-Chc wt cDNA construct under the control of the GAL4 54 promoter in Chc 4 animals ( Fig. 4C ).
GAL4
54 is an enhancer-trap line that directs the expression of genes driven by the UAS sequences in all IOPCs in the retina and to a lesser extent in some PPCs and CCs (Lee and Luo, 1999, our own observations) . This expression of the wild-type CHC in Chc 4 mutants strongly suppressed IOPC death ( Fig. 4C ), whereas expression of the mutant UAS-Chc
A1082T
cDNA construct under the same conditions failed to rescue IOPC cell death in Chc 4 males (Fig. 4D ). These results were confirmed by ubiquitous expression of the same constructs at 28°C using the Hsp70 promoter (data not shown). Furthermore, heat-shock induced expression of the mutant construct under these conditions in control animals induced a pigment cell phenotype similar to that of heterozygous Chc 4 females ( Fig. 4F , arrows), consistent with the semi-dominant nature of the mutation (Bazinet et al., 1993) . By contrast, the expression of the wild-type construct did not affect IOPC viability (Fig. 4E ). The retina of control animals expressing a temperaturesensitive dominant-negative form of shibire (Kitamoto, 2001 ; GAL4
54
-UAS-shi ts1 ) at 18°C was normal (Fig. 4G ). However, when this animals were maintained at 31°C for 6 h at the P40% stage of pupal development, similar specific and widespread death of IOPCs was observed to that which characterizes Chc 4 mutants (Fig. 4H ).
Chc
-induced pigment cell death is Notch dependent
Since Notch signaling plays an important role in retinal PCD (Cagan and Ready, 1989; Miller and Cagan, 1998) , and this signaling pathway is dependent on endocytosis (Parks et -induced IOPC death (compare Fig. 5D and E). The same inhibition of IOPC death in Chc 4 mutants was observed using a temperature-sensitive Notch allele (N ts1 ), and shifting to the restrictive temperature after PCD (Fig. 5F ). These results indicate that Notch is absolutely required for the Chc 4 IOPC death phenotype, and they place Chc downstream of Notch in the pupal retina.
2.6. The subcellular localization of the Notch receptor is altered in Chc 4 mutants
It is known that once PCD has taken place and the correct number of IOPCs have developed, a lack of Notch function does not affect retinal development (Cagan and Ready, 1989) . Indeed in both PPCs and IOPCs the Notch receptor relocates from the membrane to intracellular vesicles after PCD is completed (Reiter et al., 1996) . Since Notch is required after PCD for IOPC death to occur in the Chc 4 mutant retina, we studied the distribution of Notch in late pupal retinas from control and Chc 4 mutant flies. Using the c17.9c6 Notch antibody in retinas at P40%, the receptor was mainly detected in IOPCs, and less prominently in PPCs ( Fig. 6A and D) as described previously (Fehon et al., 1991; Reiter et al., 1996) . Notch was mainly located in the cytoplasm of apical sections from control retinas, and the vesicular appearance of the staining might indicate that Notch was internalized by the endocytic machinery (Fig. 6A) . By contrast, the distribution of Notch is strikingly different in Chc 4 mutant retinas at the same stage, where the Notch antibody prominently labels the apical membrane contacts between PPCs and IOPCs ( Fig. 6D arrows) , as well as membrane contacts between PPCs and PPCs-CCs (Fig. 6D arrowheads) . Hence the Notch receptor did not appear to have been properly internalized in these retinas. In basal confocal planes no differences between control and Chc 4 retinas were noted ( Fig. 6B and E).
To address the possibility that the change in Notch distribution in Chc 4 retinas was due to a secondary effect caused by changes in the amount or localization of its ligand Delta, we analyzed the distribution of this ligand in mutant and control retinas using the C594.9B Delta antibody. In apical sections of control retinas Delta is preferentially expressed in a punctuate pattern in CCs and PPCs, and less strongly in IOPCs (Parks et al., 1995; Fehon et al., 1991; Reiter et al., 1996 ; Fig. 6C ). We observed no differences in Delta staining between Chc 4 and control retinas ( Fig. 6C and F) , however the possibility that we are detecting only vesicular Delta with the antibody does not allow us to completely rule out Delta endocytosis involvement in the phenotype. (Lawrence et al., 2000) . This truncated form of Notch has been well characterized in several developmental paradigms where it behaves as an antimorph (Baonza et al., 2000; Dominguez et al., 2004) . The expression of N ECN in the pigment cells of control flies produces a significant increase in PCD, and results in the survival of very few IOPCs, than oftentimes are not enough to even surround the ommatidia (Fig. 7C asterisks) . In support of our hypothesis, expression of N ECN in the pigment cells of mutant animals suppressed the Chc 4 inhibition of PCD producing less IOPCs than in controls (Fig. 7D) . The increase in PCD caused by N ECN however appears to be ameliorated by the presence of the endocytic mutation, an effect consistent with Chc 4 inducing Notch gain-of function.
2.7.
Excess of Notch induces the same phenotypes as Chc
In control animals that express N ECN the retina becomes essentially normal, although it is slightly disorganized as the axes of symmetry are not completely straight due to the lack of IOPCs (Fig. 7I) . As is the case with the Notch mutant alleles, expression of the dominant-negative N ECN completely suppressed 
the Chc 4 IOPC death phenotype (Fig. 7J) . Furthermore, the presence of the clathrin mutation also suppressed the mild disorganization caused by the expression of N ECN , restoring the hexagonal symmetry.
Chc 4. affects Notch signaling in the wing
To extend our results from the retina, we looked at the effect that the Chc 4 -induced reduction in endocytosis had on Notch signaling in the wing, whose correct development also depends on Notch signaling (de Celis and Garcia-Bellido, 1994) . The wings of Chc 4 mutants that survive to adulthood are essentially indistinguishable from their wild-type controls ( Fig. 8A and B) . However the strength of Notch signaling is affected by the Chc 4 mutation in the wing, as revealed when it is analyzed in the context of the loss of one copy of the Notch gene. Heterozygous N 54l9 /+ females display a relatively weak Notch wing phenotype, characterized by wing vein thickening (preferentially L3 and L5), and by delta formation at the contact between wing veins and the wing edge (Fig. 8C) . While one or more notches were present in 75% of the N 54l9 /+ wings, the presence of only one copy of the semi-dominant Chc 4 mutation in these N 54l9 /+ females significantly suppressed the Notch phenotype (Fig. 8D) . The L3 and L5 wing veins are thinner, deltas are less evident and only 25% of the wings display smaller notches as in N 54l9 /+ control wings. We also made use of N nd3 , an antimorphic allele caused by a missense mutation that produces a truncated temperaturedependent dominant-negative form of Notch (Wesley and Saez, 2000) . The wing phenotype of N nd3 hemizygous mutants grown at 25°C is consistent with a strong loss of Notch function due to the accumulation of this truncated product (Fig. 8E) . We predicted that a reduction in endocytosis should enhance the N nd3 phenotype as a secondary effect of the reduced Notch internalization. Accordingly, the Notch wing phenotype was indeed enhanced in the double hemizygous N nd3 Chc 4 mutants raised at 25°C, evident through the loss of a great part of the wing surface and margin to extensive notches, and the loss of intervein tissue to vein overgrowth (Fig. 8F) . Thus, we conclude that the effects of Chc 4 on the N 54l9 loss of function and N nd3 dominant-negative Notch mutations are consistent with reduced endocytosis intensifying Notch signaling.
Discussion
The dominant nature and temperature sensitivity of the hypomorphic Chc 4 allele, make it a particularly useful tool to study the biology of the many processes in which clathrin-dependent endocytosis participates. We have determined that the change of a highly conserved alanine at position 1082 to threonine as responsible for the Chc 4 mutation. This alanine lies within a region of the CHC known as the knee that separates the proximal from the distal leg (Smith et al., 1998) . This region is believed not to interact with other proteins, and is thought to be responsible for much of the flexibility required by CHC to adapt to the bending of the clathrin lattice (Musacchio et al., 1999) . Nevertheless, it still remains to be determined if the change in size or charge introduced by the mutant threonine residue in the knee region affects the flexibility of Clathrin legs, and whether this may translate into changes in the rate of assembly or disassembly of the coat that could explain the phenotypes of the Chc 4 mutants.
We have seen that the Chc 4 mutation halves the endocytic capacity of Garland cells, a type of nephrocyte with a high rate of endocytosis (Kosaka and Ikeda, 1983) . The assembly of clathrin in forming the coat can explain the semi-dominant nature of this hypomorphic mutation (Bazinet et al., 1993) , particularly since the mutant and wild-type CHC molecules are mixed in the triskelion of a heterozygous individual, and triskelions with different compositions are mixed in the coat. This might also explain the variable penetrance displayed by the mutation and by the different transgenic lines expressing wild-type or mutant forms of CHC. This variability may reflect the sensitivity to changes in the proportion and/or amount of mutant and wild-type forms of Clathrin. The reduced endocytic capacity of the mutant becomes lethal at higher temperatures (28°C), although it is sufficient to allow a small percentage of escapers to complete development at lower temperatures. In these escapers, the retina (herein), the sperm production (Fabrizio et al., 1998) , and the digestive system (Vinó s, unpublished) appear to be particularly affected. Although endocytosis is required at many steps during larval retinal development (Cagan et al., 1992; Baonza and Freeman, 2001; Cagan and Ready, 1989; Cooper and Bray, 1999; Fanto and Mlodzik, 1999; Parks et al., 2000 Parks et al., , 1995 , the first phenotype in the eye that can be detected in the Chc 4 mutant at 25°C is the partial inhibition of interommatidial PCD during pupal retinal development (Fig. 2C) . The correct spacing of the ommatidia depends on the elimination of roughly one third of the interommatidial cells by PCD (Rusconi et al., 2000) , leaving nine IOPCs to isolate each ommatidium. The mechanisms that direct interommatidial PCD are not completely understood, but while Notch and the roughest-irregular chiasma C receptor are required for apoptosis (Cagan and Ready, 1989; Reiter et al., 1996; Wolff and Ready, 1991) , the EGFR-Ras pathway provides a survival signal for IOPCs (Miller and Cagan, 1998; Sawamoto et al., 1998; Yu et al., 2002) . Contrary to certain aspects of this model, yet in support of an increase in Notch signaling explaining the Chc 4 phenotype, the expression of Notch (N FL ) in IOPCs inhibits PCD in the pupal retina (Fig. 7A ), rather than augmenting apoptosis. We obtain the same inhibition of PCD when we express a constitutively active form of Notch, or its downstream target, Suppressor of Hairless (not shown), as indicated previously (Brachmann and Cagan, 2003) . Moreover, we see an increase in PCD when we express a dominant-negative form of Notch (Fig. 7C ). In the pupal retina, Notch is mainly expressed by IOPCs and to a lesser extent by PPCs (Fehon et al., 1991; Reiter et al., 1996) , and the Notch receptor is endocytosed and directed toward the Hrs degradation pathway (Fehon et al., 1990; Jekely and Rorth, 2003; Wilkin et al., 2004) . Indeed in a mutant in which endocytosis is intensified Notch loss of function phenotypes are enhanced in the Drosophila wing (Weber et al., 2003) , constituting additional evidence that endocytosis negatively influences Notch signaling. It remains to be explained why the absence and the excess of Notch signals in interommatidial cells (Cagan and Ready, 1989; Brachmann and Cagan, 2003; herein) , produce a similar phenotype, (i.e. inhibition of PCD and excess of IOPCs). We can only speculate that the response of the cells to the absence of such signaling might be mediated by a mechanism other than that which responds to changes in the strength of its signal. Once PCD is completed and the final number and identity of all the retinal cells have been established, all the IOPCs in the Chc 4 mutant retina start to die, such that the retina is totally devoid of IOPCs upon completion of this process (Fig. 3H) . The resulting loss of the ommatidial arrangement probably leads to a severe reduction in the capacity to form images, which relies on the precise orientation of the optical elements in the Drosophila neural superposition eye, a type of compound eye where the image is formed in the brain through parallel processing of the signals from multiple ommatidia (Stavenga, 1975) . The mutant clathrin is responsible for this pigment cell death because we are able to rescue it by specifically expressing a wild-type copy of CHC in them (Fig. 4C) . The induction of pigment cell death by disrupting endocytosis with a dominant-negative form of dynamin ( Fig. 4H ) further confirms that this process is dependent on endocytosis.
As in the case of the PCD phenotype, the IOPC death phenotype displayed by the mutant can also be reproduced by the sole expression of Notch (N FL ) in wild-type pigment cells (Fig. 7G) . Indeed, N FL enhances the mutant IOPC phenotype when expressed in Chc 4 mutant cells, resulting in a more rapid disappearance of IOPCs (Fig. 7H) . Conversely, expression of a dominant-negative form of Notch (N ECN ; Brennan et al., 1999; de Celis and Bray, 1997) , provokes the suppression of the mutant phenotype (Fig. 7J) . These results suggest that although the defect in Chc 4 affects endocytosis, the ultimate cause of the IOPC death phenotype was the excess of Notch signaling that ensued. Genetic analysis supports this notion, as two Notch alleles, N fa-g62 that causes specific loss of Notch function in the pupal retina, and the temperature-sensitive allele N ts1 , both completely suppress the demise of IOPCs caused by the Chc 4 mutation (Fig. 5D-F) .
Once the correct number of IOPCs have been specified, Notch lacks an obvious role in late pupal development, as demonstrated by the absence of retinal defects when Notch activity is lost in late pupas after PCD (Cagan and Ready, 1989) . At this time, the survival signal mediated by EGFR that protects IOPCs during PCD also disappears, consistent with the failure of overexpression of the EGFR negative regulator Argos to produce an effect (Freeman, 1994) , similar to the activated form of armadillo from whose deleterious effects on retinal cells are protected by EGFR activity until about P40% (Freeman and Bienz, 2001 (Fig. 6D ). At present we have no evidence that the levels or localization of Delta are altered in the Chc 4 mutant retina ( Fig. 6C and F) , raising the possibility that membrane-bound Notch receptor could to be the main target for the Chc 4 reduced endocytosis. It has been shown that there is a strict requirement for Delta ligand endocytosis in the signal-sending cell (Parks et al., 2000) , while an equivalent requirement for Notch receptor endocytosis in the signal-receiving cell has not been demonstrated yet, although a requirement for dynamin in both cells raises that possibility (Seugnet et al., 1997) . Surprisingly, we see that Notch signaling continues to take place in Chc 4 during the unaffected larval retinal development, and as required for PPC specification in pupal development. We believe that is due to Chc 4 hypomorphic nature that retains a significant part of its endocytic capacity. If clathrin is responsible for the endocytosis of the empty receptor, it would provide a mechanism for Notch down-regulation consistent with our observations. A lesser decrease in endocytosis would first increase the amount of empty receptor at the membrane, increasing sensitivity and therefore signaling, when ligand is available. A greater reduction in endocytosis would eventually reduce Notch signaling by interference with ligand endocytosis, while a block in endocytosis would prevent Notch from signaling.
One would expect the regulation of Notch receptor levels through clathrin-dependent endocytosis to be a general phenomenon, even if the retina constitutes a particularly sensitive system to such alterations. Indeed, we find that Notch signaling in the wing is also affected by the Chc 4 mutation, although it was necessary to sensitize the system to detect these defects. This sensitization was achieved by either halving normal Notch levels using a null mutation in heterozygosis (Fig. 8D) , or by expressing an antimorphic mutated form of the receptor (Wesley and Saez, 2000 ; Fig. 8F ). (Cagan and Ready, 1989; Miller and Cagan, 1998) ; and that the EGFR-Ras pathway is responsible for the survival of interommatidial cells in the last instance (Miller and Cagan, 1998; Sawamoto et al., 1998; Yu et al., 2002) . However, all these results are not necessarily incompatible. Throughout retinal development one of the main roles of Notch signaling is to maintain cells in an undifferentiated state, while the EGFR-Ras pathway is responsible for differentiating all the cell types in the retina in successive waves of signaling (Freeman, 1997) . At the end of cell specification all extra cells must be lost through apoptosis. If, as our results suggest, Notch promotes the maintenance of the undifferentiated state and opposes the apoptotic pathway, cells with a stronger Delta-Notch signal will avoid being culled by apoptosis, and eventually the Ras/Notch signal ratio will be sufficiently favorable to specify them as IOPCs. In this model (Fig. 9A) -induced excess Notch signaling causes an increase in cell survival, while afterwards it appears to provoke cell death. We currently do not have an explanation for this disparity, since we do not know the final cause for the IOPC death. It is possible that since, Notch is neither required nor appears to have a function in IOPCs after PCD (Cagan and Ready, 1989) , its abnormal activation by Chc 4 might provoke some aberrant situation that causes the cells to die. Indeed we have evidence to suggest that this could be the case. While investigating the death of the IOPCs, we have expressed the baculovirus caspase inhibitor P35 (Hay et al., 1994) in the interommatidial cells using the GAL4 54 driver. While PCD was completely inhibited, P35 failed to significantly impair IOPC death in Chc 4 retinas, suggesting that the cells did not die through apoptosis (data not shown). However For scanning electron microscopy (SEM) images, whole flies were dehydrated in ethanol, critical point dried as described in Wolff (2000b) , and analyzed with a PhilipsXL30 microscope. For transmission electron microscopy (TEM) images, adult heads were processed and embedded in Durcupan resin (Fluka) as described (Wolff, 2000c) , and 60 nm thin sections where analyzed with a JEOL Jem 1010 microscope coupled to a digital camera (GATAN BioScan).
Adult wings from whole flies were dehydrated in isopropanol and mounted in Canada balsam medium (Sigma).
